Here, we have identified the monolayer phase of Bi2O2Se as a promising twodimensional semiconductor with ultra-high carrier mobility and giant electric polarization. Due to the strong reconstruction originated from the interlayer electrostatic force, we have applied structure prediction algorithms to explore the crystalline geometry of Bi2O2Se monolayer with the lowest total energy. Considering Se and Te belong to the same group, Bi2O2Te monolayer is also investigated based on a similar scheme. Further calculations suggest that the high carrier mobility is maintained in the monolayer phase and the moderate band gap will lead to the strong optical absorption in the visible light region. In particular, the electron mobility in Bi2O2Te can reach as high as 3610 cm 2 V -1 s -1 at room temperature, which is almost ten times of conventional transition metal dichalcogenides (TMD) family. Because of the strong structural anisotropy, a remarkable spontaneous in-plane and out-of-plane electric polarization is additionally revealed along with significant piezoelectric properties, endowing them as promising candidates in the area of photovoltaic solar cells, optoelectronic materials and field effect transistors.
Introduction
Since the discovery of graphene [1] in 2004, 2D layered materials have attracted considerable attention, and more and more novel 2D materials have been theoretically predicted and experimentally fabricated, for instance black phosphorene [2] , In2Se3 [3] and the transition metal dichalcogenides (TMD) family [4] . Due to their attractive physical and chemical properties in low-dimension, they have promising applications in the field of catalysis, sensors and nano-size electronic devices. However, various 2D layered materials suffer from their own problems and are still far from practical applications. For instance, graphene possesses excellent stability along with remarkable carrier mobility, but suffers from the zero-band gap, thus being unable to serve as semiconducting switch [5] . MoS2, as a typical member of TMD family, exhibits a desirable direct band gap (~1.8 eV), whose potential application in the field of optoelectronic devices is further limited by the low carrier mobility [6] . While the new discovered black phosphorene, despite possessing attractive transportation properties, faces the degradation problem when being exposed in air or humid environments [7] . On the other hand, intrinsic 2D materials are usually with centrosymmetric structures while in-plane and especially out-of-plane anisotropy is still rare, although this endows the possibility of spontaneous electric polarization and further provides a great opportunity to develop novel devices in the area of fieldeffect transistors (FET). Therefore, the theoretical exploration on new 2D semiconductors remains as a critical topic.
Recently, layered materials Bi2O2Se has received great attention because of its ultra-high mobility, robust band gap and excellent stability when exposed in the air [8] [9] . Therefore, those desirable properties make Bi2O2Se being considered as one of the most promising next-generation semiconductors and its potential usage in the field of 4 / 28 optoelectronics and ferroelectrics has also been revealed [10] [11] . Meanwhile, Bi2O2S and Bi2O2Te, with the similar crystalline structure and element composition, are also widely studied [11] . To realize its application as nano-size electronic devices, achieving the ultra-thin phase of Bi2O2Se, is the key topic in both the experiments and theoretical calculations. However, compared to the van der Waals force in conventional layered materials, the interlayer electrostatic interaction in the bulk phase Bi2O2Se is rather strong, which will lead to the dynamic instability and thus the remarkable change of the structure when being reduced to the monolayer. Besides, such variance of geometric structures is promising to further induce a substantial change on their semiconducting and optical properties. Nevertheless, due to the experimental limitations, the atomic configuration of monolayer phase is still not identified and its physical properties in low-dimension remain unclear.
In the present work, we theoretically predicted the energetically favored Bi2O2Se(Te) monolayer based on the structure prediction algorithm. It is found that the monolayer phase undergoes a considerable reconstruction and exhibits strong inplane and out-of-plane anisotropy. Further calculation on electronic structures shows that the Bi2O2Se(Te) monolayer not only maintains the superior transport properties with carrier mobility as high as 3610 cm 2 V -1 s -1 , but also possesses excellent optical absorption property that is better than intrinsic silicon. Particularly, the remarkable reconstruction further endows Bi2O2Se(Te) monolayer the giant spontaneous electric polarization, which opens up the great opportunity for their further applications as nano-size electronic devices.
Computational method
The projector augmented wave (PAW) [12] [13] formalism of density functional 5 / 28 theory (DFT) as implemented in the Vienna Ab-initio Simulation Package (VASP) [14] [15] is used for the total energy and electronic structure calculations. The Gaussian smearing method was adopted with the smearing width as 0.02 eV. The energy cutoff for plane-wave expansion of the PAWs is set to 600 eV. Brillouin zone was sampled by the Gamma-centered Monkhorst-Pack method with 8×12×1 grid [16] .
In the vertical direction, a vacuum layer of about 20 Å in thickness is introduced for all the two-dimensional layered structure, which is thick enough to avoid the artificial interaction in the z direction. To simulate electronic structures, we applied both traditional GGA-PBE method [17] and HSE06 (Heyd-Scuseria-Ernzerhof) hybrid functional [18] [19] . Former method is very efficient and can be used for most simulations, while the latter one can result in reasonable band gap, which is very important for the computation on the optical properties. To rationally treating the heavy atoms such as Bi and Se(Te), we also considered the spin-orbit coupling (SOC) interaction for the electronic structure simulation.
The energetically favorite geometry of two-dimensional monolayered Bi2O2Se(Te) (M-Bi2O2Se(Te)) is explored by the crystalline structure prediction computation scheme. Herein, we applied the structure prediction on two-dimensional phases by the Crystal Structure Analysis by Particle Swarm Optimization (CALYPSO) [20] [21] . Such method only requires chemical compositions for a given compound to predict stable or metastable structures at given external conditions (e.g., pressure and temperature). To prove the dynamical stability of the predicted structures, we use PHONOPY [22] to simulate the lattice dynamics (phonon dispersion and phonon density of states), while the ab-initio molecular dynamics (AIMD) [23] [24] scheme is also performed in order to further verify their thermal stabilities at room temperature.
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Results and discussion
Structure and stability
The crystalline structure of Bi2O2Se and Bi2O2Te monolayer is firstly investigated starting from their bulk counterparts. Figure S1 exhibits geometric structures of bulk phases along with the hypothesized monolayered Bi2O2Se (M-Bi2O2Se), being consistent with conventional view of the structures of 2D materials based on their layered bulk phases. To determine the phase stability, the atomic vibrations (lattice dynamic) simulation is applied [25] . Here the phonon dispersion spectra exhibits considerable imaginary frequencies ( Figure S2 ). Such imaginary vibration modes are related to the absence of strong interlayer electrostatic force in bulk phases, and suggest the considerable reconstruction of the hypothesized monolayer. In addition, similar layered structure for M-Bi2O2Te is also dynamically unstable, as reflected from the phonon spectra shown in Figure S2 .
To account for different kinds of potential reconstruction, structure prediction algorithm is applied and the number of formula units per unit cell is set to be 1, 2, 3, 4, 6, corresponding to 5, 10, 15, 20, 30 atoms. Among more than 25,000 crystalline structures, we identified the one with the lowest total energy. Both M-Bi2O2Se and M-Bi2O2Te possess the similar crystalline structure, as expected, and the atomic configuration and detailed geometric information are shown in Figure 1a and in Table   S1 -S3 respectively. Compared to the layered unit in the bulk phase, M-Bi2O2Se(Te) is with an enlarged formula unit Bi4O4Se(Te)2 per unit cell, and the symmetry belongs to 
Electronic structure and transport properties
The band structure of M-Bi2O2Se(Te) was further calculated based on HSE06+SOC scheme in order to achieve more accurate band gap and include SOC effect. As shown in Figure 2a and 2b, M-Bi2O2Se is an indirect semiconductor with band gap as 1.77 eV while M-Bi2O2Te possesses the desirable direct band gap with a moderate value as 1.24 eV. Additionally, the band gap of bulk phase Bi2O2Se was simulated ( Figure S6 ), being consistent with the detected value in experiments [8] . It is worth to note that the inclusion of SOC is essential, which greatly affects the edge states of valance band in M-Bi2O2Se and conduction band in M-Bi2O2Te. For M-Bi2O2Se, the inclusion of SOC will lead to a dispersive peak in the Γ-X direction, thus altering the original position of valance band maximum (VBM) ( Figure S7 ). While for M-Bi2O2Te, compared to the HSE06 result in Figure S7 The CBM is represented by the green iso-surface while the VBM is shown in yellow, where the iso-surface value is set to 0.0005 e/Å 3 .
Considering the high carrier mobility in bulk phase Bi2O2Se, transport properties in low-dimension as M-Bi2O2Se(Te) were explored. Since the electron scattering caused by phonons is the main factor that constrains mobility, the phonon-limited scattering model here, which includes anisotropic features of effective mass, deformation potential and elastic modulus, and can be expressed as [26] Calculated results are shown in Table 1 . It is worth to note that, a methodical literature survey has been performed and there is another less accurate formulation that has also been widely used [27] , which still produces consistent results (section IV in supporting information). MX2 family ( M = Mo, W; X = S, Se, Te) are mainly around 100 cm 2 V -1 s -1 , and only WS2 can barely reach as high as 1000 cm 2 V -1 s -1 at room temperature [28] [29] [30] . For another recently reported system as Group IVB dichalcogenide monolayers [31] , most of candidates in this family possess carrier mobility below 600 cm 2 V -1 s -1 . Furthermore, except the considerable magnitude of carrier mobility, the strong anisotropy is also reflected in M-Bi2O2Se, which exhibits that the value for the x direction is almost 10 times of the value in the y direction. While for M-Bi2O2Te, the carrier mobility is less anisotropic and the electrons in the y direction exhibit the most superior transport properties with the mobility as high as 3610 cm 2 V -1 s -1 .
To understand the magnitude and variance of carrier mobility, there are two decisive factors: effective mass and the deformation potential. Here, we plotted the charge density spatial distribution (CDSD) for both CBM and VBM states to illustrate their effects, as shown in Figure 2c . This delocalized feature is more significant in M-Bi2O2Te and there is even a connected channel formed in the y direction for the VBM state. It is also worth to note that, for Bi2O2Se, the effective hole mass exhibits strong anisotropic feature, since CDSD shows the px and pz hybridization for VBM that locates among the Γ-X line. However, valance band edges of M-Bi2O2Te on Γ point are composed of px and py hybridized states, endowing them isotropic in-plane delocalization and hence isotropic effective mass. On the other aspect, the carrier mobility is strongly affected by the deformation potential, which describes the dependence of band edges on applied strains. Results in Table 1 indicate that the response of electrons in CBM is 13 / 28 generally more subtle compared to holes determined by VBM. It can be understood as that the more localized VBM concentrating on Se/Te atoms will lead to the less sensitivity against strain. While CBM is composed of delocalized bonding states among Bi-Se/Te, whose atomic distance will be directly affected by the applied strain.
Therefore, variances on Bi-Se/Te bond further shift/lower conduction edges, leading to large deformation potential for electrons accordingly. 
Optical properties
Since the band gap of M-Bi 2 O 2 Se(Te) is moderate, it further suggests their potential applications in the field of photovoltaic and optoelectronic devices. Based on electronic structures from HSE06 scheme, we investigated the optical properties, and focused on the computation on the absorption coefficient. The imaginary part of dielectric function can be calculated based on the following expression [32] : * , , 
The evolution of αxx and αyy against wavelength are presented in Figure 3 
Giant spontaneous electric polarization and piezoelectric properties
Semiconducting and optical properties already exhibit anisotropic features that originate from the reconstructed geometries, and we further applied Berry phase scheme [35] to investigate the potential spontaneous electric polarization. Results indicate that the electric moment in z direction is 0.42 eÅ and 0.34 eÅ per unit cell for M-Bi2O2Se and M-Bi2O2Te, which is one of the largest vertical polarization strengths according to our knowledge, and 3 -4 times larger than that in the layered In2Se3 (~ 0.1 eÅ) [3] . Such giant vertical dipole moment is induced by the polar structure of M-Bi2O2Se(Te). To demonstrate this point, the atomic differential charge density of M-Bi2O2Se is applied, which is defined as:
 is the charge density that is converged in an electronic self-consistent calculation and contains the bonding information among atoms, while a  is from a non-selfconsistent calculation only summing over atomic charge densities. As plotted in Figure 4a , the spatial charge accumulation and depletion exhibits two polarized double layers with the same polarization direction as +z. Due to the great ability of O atom to capture electrons, the strong dipole polarization can be built in +z direction among the upper Bi-O double layers. While the similar electron migration also happens in the below Bi-Se layers, further enhancing the polarization strength in +z direction. Besides, the larger electronegativity for selenium than that for telluride lead to that fact that M-Bi2O2Se exhibits stronger vertical polarization strength. On the other hand, the mirror symmetry is retained in the y direction, thus being lack of electric moments. But, in the in-plane x direction, the electric moments for M-Bi2O2Se and M-Bi2O2Te can also be built with a sizable value ~ 9.2 eÅ and ~ 9.5 eÅ.
We can see that the in-plane spontaneous polarizations for Se and Te compounds are with similar strength since they are both mainly resulted from the asymmetric charge transfer in the top Bi-O parallelogram channel rather than the slightly deformed Janus Se(Te)-Bi-O layer lying below. The piezoelectric effect was additionally studied by applying bi-axial strain ranging from -2% to +2% inside the x-y plane. And the dependence of vertical dipole moment on the strain was derived, as shown in Figure   4b . The polarization strength varies linearly with the in-plane deformation, which can be viewed as the solid evidence on spontaneous polarization in M-Bi2O2Se(Te). The comparison between them also indicates that the piezoelectric effect for M-Bi2O2Se is more remarkable than that for M-Bi2O2Te, in agreement with the magnitude of the vertical polarization value. 17 / 28 
Conclusion
In conclusion, we theoretically predicted the stable monolayer phase for both Bi2O2Se and Bi2O2Te based on structure prediction algorithm. The simulation results clearly demonstrate that the conventional monolayer phase derived from bulk counterpart is not energetically favored and dynamically stable, and the reconstructed structure with strong in-plane and vertical anisotropy was revealed. Further calculation on electronic structures shows that the M-Bi2O2Se(Te) persists the ultrahigh carrier mobility, especially for the electrons in M-Bi2O2Te which can reach as high as 3610 cm 2 V -1 s -1 at room temperature. At the same time, moderate band gaps endow them excellent in-plane optical absorption property, which is even better than intrinsic silicon. While the remarkable spontaneous vertical electric polarization can also be realized because of such anisotropic reconstruction. This study not only clarified the monolayer phase of Bi2O2Se with strong interlayer electrostatic interaction, but also opened up the great opportunity for their potential applications as 18 / 28 the photo-electronic devices and field-effect transistors. Table S3 . 
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Section III. Electronic structures
As shown in Figure S6 , the calculated band structure for bulk phase Bi2O2Se exhibits an indirect band gap around 0.85 eV, being consistent with the value detected in experiments [36] . 
